Abstract-Reactive oxygen species serve as second messengers for signal transduction; however, molecular targets of oxidant signaling have not been defined. Here, we show that ligand-receptor-mediated signaling promotes reactive oxygen species-dependent protein carbonylation. Treatment of pulmonary artery smooth muscle cells with endothelin-1 increased protein carbonyls. Carbonylation of the majority of proteins occurred transiently, suggesting that there is also a mechanism for decarbonylation induced by endothelin-1. Decarbonylation was suppressed by inhibition of thioredoxin reductase, and cellular thioredoxin was upregulated during the decarbonylation phase. These results indicate that endothelin-1 promotes oxidant signaling as well as thioredoxin-mediated reductive signaling to regulate carbonylation and decarbonylation mechanisms. In cells treated with endothelin receptor antagonists, hydrogen peroxide scavengers, or an iron chelator, we identified, via mass spectrometry, proteins that are carbonylated in a receptor-and Fenton reaction-dependent manner, including annexin A1, which promotes apoptosis and suppresses cell growth. Carbonylation of annexin A1 by endothelin-1 was followed by proteasome-dependent degradation of this protein. Key Words: endothelin-1 Ⅲ protein carbonylation Ⅲ oxidant signaling Ⅲ pulmonary hypertension Ⅲ smooth muscle R eactive oxygen species (ROS) have been proposed to serve as second messengers for signal transduction processes. 1-5 Numerous studies demonstrated that (1) ligand-receptor interactions produce ROS; (2) antioxidants block signal transduction; and (3) ROS can stimulate signaling events. 6 -11 ROS signaling is thought to play important roles in various diseases, including cancer, neurological disorders, immune diseases, and cardiovascular diseases. Although mechanisms of ROS actions during oxidant signaling have not been defined, protein thiols being the oxidation targets have been a popular concept. [12] [13] [14] Recently, Lee and Helmann 15 described a regulatory mechanism for the Bacillus subtilis PerR transcription factor by metal-catalyzed oxidation. Thus, other types of protein oxidation such as metalcatalyzed protein carbonylation may also be important for cell signaling.
R eactive oxygen species (ROS) have been proposed to serve as second messengers for signal transduction processes. [1] [2] [3] [4] [5] Numerous studies demonstrated that (1) ligand-receptor interactions produce ROS; (2) antioxidants block signal transduction; and (3) ROS can stimulate signaling events. 6 -11 ROS signaling is thought to play important roles in various diseases, including cancer, neurological disorders, immune diseases, and cardiovascular diseases. Although mechanisms of ROS actions during oxidant signaling have not been defined, protein thiols being the oxidation targets have been a popular concept. [12] [13] [14] Recently, Lee and Helmann 15 described a regulatory mechanism for the Bacillus subtilis PerR transcription factor by metal-catalyzed oxidation. Thus, other types of protein oxidation such as metalcatalyzed protein carbonylation may also be important for cell signaling.
Endothelin (ET)-1 is produced by vascular endothelial cells and exerts potent vasoconstrictive 16 and mitogenic 17 actions on vascular smooth muscle cells (SMCs). In pulmonary circulation, ET-1 contributes to vasoconstriction and vascular remodeling, which occur in pulmonary hypertension. The ET-1 expression is increased in the lungs of patients with pulmonary hypertension, 18 and ET receptor antagonists have been used to treat human pulmonary hypertension, 19, 20 indicating the clinical importance of ET-1 signal transduction.
ET-1 is a mitogen of pulmonary artery SMCs [21] [22] [23] via the activation of either ET A or ET B receptor. 24 Signal transduction pathways induced by ET-1 in pulmonary artery SMCs, however, are not well understood. ET-1 can activate extracellular signal-regulated mitogen-activated protein kinase 25 as well as GATA-4 transcription factor. 26 ET-1 has also been shown to generate ROS, which promote pulmonary vascular SMC proliferation. 27 Thus, ROS may play important roles in ET-1-mediated pulmonary artery SMC growth during the development of pulmonary hypertension.
The present study demonstrates that ET-1 promotes protein carbonylation in pulmonary artery SMCs in an ET receptorand Fenton reaction-dependent fashion. We also identified the "decarbonylation" mechanism that is activated by ET-1 via thioredoxin. Proteins that are carbonylated in response to ET-1 were identified using 2D gel electrophoresis and mass spectrometry. Annexin A1, which inhibits cell growth, was found to be among the proteins that were carbonylated and subsequently degraded in response to ET-1 in a receptor and metal-catalyzed oxidation-dependent manner.
Materials and Methods

Cell Culture
Large to midsized bovine pulmonary artery and thoracic aorta were obtained from a local abattoir. Bovine pulmonary artery SMCs (BPASMCs) and aortic SMCs were isolated as described previously 28 and cultured in RPMI medium 1640 supplemented with 10% FBS, 1% penicillin/streptomycin, and 0.5% fungizone (Invitrogen, Carlsbad, Calif). Two to 8 passages were used for experiments. Cells were growth-arrested for 24 hours in medium supplemented with 0.01% FBS and then treated with ET-1 (Sigma-Aldrich, St Louis, Mo), H 2 O 2 (Fisher Scientific, Hampton, NH), or 1-chloro-2,4-dinitrobenzene (DNCB) (Sigma-Aldrich) for 0, 5, 10, 15, 20, and 30 minutes. In some experiments, cells were pretreated for 30 minutes with BQ123, BQ788, ebselen, deferoxamine, MG132, or DNCB (Sigma-Aldrich).
Organ Culture
For organ culture of rat pulmonary artery, lungs, and hearts were obtained from male Sprague-Dawley rats (250 to 300 g) and placed in ice-cold PBS. Mid-to-large pulmonary arteries were dissected, and surrounding connective tissues were removed under a dissecting microscope. Blood vessels were cut into small pieces of ring segments and incubated in RPMI medium 1640 containing 0.01% FBS for 30 minutes at 37°C before treating with ET-1.
Statistical Analysis
Comparisons between 2 groups were analyzed by a 2-tailed Student's t test, and comparisons among 3 or more groups were analyzed by ANOVA with a Student-Newman-Keuls post hoc test. PϽ0.05 was considered to be significant. Data are presented as meansϮSEM.
An expanded materials and methods section, as well as supplemental figures, can be found in the online data supplement at http://circres.ahajournals.org.
Results
ET-1 Promotes Protein Carbonylation
Treatment of BPASMCs with ET-1 (30 nmol/L) resulted in the production of ROS, as monitored by detecting green dichlorofluorescein fluorescence (supplemental Figure I) . The production of ROS was apparent after 5 minutes of ET-1 treatment, and the level of ET-1 that produced dichlorofluorescein fluorescence was comparable to the level produced by adding 50 mol/L hydrogen peroxide (H 2 O 2 ) extracellularly (supplemental Figure I) . Thus, ET-1 produces ROS in BPASMCs.
Immunoblotting of 2,4-dinitrophenylhydrazine (DNPH)-derivatized proteins revealed that various proteins were carbonylated in BPASMCs ( Figure 1A ). Without DNPH derivatization, no bands were detected (data not shown). Treatment of cells with ET-1 for 10 minutes increased protein carbonylation of specific proteins, as determined by 1D ( Figure 1A ) and 2D gel electrophoresis (supplemental Figure IIA) . Coomassie blue staining of the membranes showed no changes in total protein content ( Figure 1A , bottom). We assigned numbers for each of carbonylated protein (CP) bands from 1D gel electrophoresis experiments to be CP1 to CP17 ( Figure 1B) . The ET-1-mediated promotion of carbonylation of these proteins was also found in the tissue culture of bovine pulmonary artery smooth muscle (supplemental Figure IIB) and in the organ culture of rat pulmonary artery (supplemental Figure IIC) .
Roles of ET Receptors
To determine whether ET-1-mediated protein carbonylation is dependent on ET receptors, BPASMCs were treated with BQ123 (ET A receptor antagonist) 29 or BQ788 (ET B receptor antagonist) 30 before treatment with ET-1. Results show that BQ123 inhibited ET-1-mediated carbonylation of CP8, -10, -11, -12, and -17 ( Figure 2A and supplemental Figure IIIA) ; and BQ788 inhibited that of CP3, -5, -7, -10, -11, -12, -13, -15, and -17 ( Figure 2B and supplemental Figure IIIB) . Neither of the ET receptor antagonists influenced basal levels of protein carbonylation. This is the first demonstration of receptor-mediated signaling promoting protein carbonylation.
Roles of H 2 O 2 and Metal-Catalyzed Oxidation
CPs are often formed via peroxide-dependent Fenton reaction, 31 and H 2 O 2 has been shown to play integral roles in oxidant-mediated signal transduction. 9, 32 Consistently, pretreatment of BPASMCs with ebselen, 33 Recently, a transcription factor PerR was found to be regulated by metal-catalyzed oxidation. 15 Thus, we tested the effects of deferoxamine, and we found that this iron chelator inhibited ET-1-mediated carbonylation of CP3, -7, -13, -15, and -17 ( Figure 2E and supplemental Figure IIIE) , suggesting the role of metal-catalyzed oxidation.
Kinetics of ET-1-Mediated Protein Carbonylation
As shown in Figure 1 , the increases in protein carbonyls by ET-1 appear transient in cell culture of BPASMCs ( Figure  1A ) and in tissue culture of bovine pulmonary artery smooth muscle (supplemental Figure IIB) . Analyses of individual bands further revealed that the levels of protein carbonyls were transiently increased. In BPASMCs, carbonylation of CP10, -11, -12, -13, and -15 increased by 5 minutes, peaked at 10 minutes, and decreased to the basal level by 30 minutes of ET-1 treatment ( Figure 3A ). In contrast, carbonylation of these CPs in bovine aortic SMCs increased rapidly by 5 minutes and was sustained for 20 to 30 minutes ( Figure 3B ), differing from transient kinetics as seen in SMCs of pulmonary circulation. These experiments identified that the ET-1-mediated stimulation of protein carbonylation is followed by normalization of CPs (we termed "decarbonylation") in pulmonary artery SMCs, whereas in aortic SMCs, such decarbonylation mechanism is slower.
Mechanism of Decarbonylation
A decrease in CPs may be attributable to the proteasomal degradation of oxidatively modified proteins. 34, 35 To test this, BPASMCs were pretreated with MG132 (proteasome inhibitor) for 30 minutes before the ET-1 treatment. Figure 4 shows that ET-1-mediated increases in the majority of CPs occurred transiently even after the treatment with MG132 (30 mol/L) for 30 minutes. MG132 can effectively inhibit proteolytic degradation in BPASMCs, because it inhibited the degradation of IB-␣ induced by tumor necrosis factor-␣ (supplemental Figure IV) . Thus, the decarbonylation mechanism appears to be independent of the proteasomal degradation of oxidatively modified proteins.
We hypothesized that reductive signaling may be promoted by ET-1, subsequently to oxidant signaling, perhaps to serve as a negative-feedback mechanism. Consistently, CPs in BPASMCs are reduced by ␤-mercaptoethanol ( Figure 5 ). In these experiments, ␤-mercaptoethanol was added to BPASMC lysates before derivatization with DNPH. Also, an inhibitor of thioredoxin reductase, DNCB 36 effectively promoted protein carbonylation ( Figure 6A and supplemental Figure VA ), suggesting the possible role of thioredoxin in reductive signaling. Unlike transient carbonylation induced by ET-1 in BPASMCs, DNCB-mediated carbonylation was sustained for at least 30 minutes without exhibiting decarbonylation. Treatment of BPASMCs with ET-1 after DNCB pretreatment further promoted some degree of protein carbonylation; however, ET-1 signaling did not elicit decarbonylation mechanism under these conditions ( Figure 6B and supplemental Figure VB) , demonstrating that the thioredoxin system is required for ET-1-mediated decarbonylation.
Western blotting revealed that ET-1 time-dependently increased the levels of thioredoxin protein in BPASMCs ( Figure 6C ). Interestingly, not only did ET-1 fail to increase thioredoxin in aortic SMCs, but the basal level of aortic SMC thioredoxin was found to be substantially lower compared with that in pulmonary artery SMCs ( Figure 6C ), providing a possible mechanism for sustained kinetics of ET-1-mediated protein carbonylation and the lack of the decarbonylation mechanism in aortic SMCs. Actinomycin D, a general inhibitor of gene transcription, inhibited ET-1-mediated increase in thioredoxin expression (supplemental Figure VC) , suggesting that ET-1 activates thioredoxin gene transcription. These results suggest that, in pulmonary artery SMCs, thioredoxin may play a role in ET-1 signal transduction and the regulation of decarbonylation.
To provide direct evidence that thioredoxin regulates protein carbonylation in pulmonary artery SMCs, the hypothesis that ET-1 promotes protein-protein interactions between thioredoxin and CPs was tested. Lysate samples of BPASMCs with or without ET-1 treatment were derivatized with DNPH and immunoprecipitated with the 2,4-dinitrophenylhydrazone (DNP) antibody, electrophoresed, and blotted with the thioredoxin antibody. Thioredoxin-CP interactions appear intact even in the presence of DNPH derivatization. Thioredoxin interactions with CP were found to be increased during the decarbonylation phase (ie, 20 to 30 minutes after ET-1 treatment) ( Figure 6D ). Thioredoxin itself is not carbonylated, because the thioredoxin band resides between CP16 and CP17 (data not shown). These results suggest that thioredoxincarbonyl group interactions may regulate decarbonylation. Furthermore, surprisingly, we found that ET-1 treatment initially decreased thioredoxin-CP interactions during the period when CPs are increased (10 to 15 minutes), revealing the possibility that the mechanism of the promotion of carbonylation may involve the dissociation of thioredoxin from the target proteins. These results support experiments using DNCB, which provided evidence for the role of thioredoxin system in the regulation of decarbonylation. 
Identification of Carbonylated Proteins
To determine the identities of proteins that are carbonylated in response to ET-1, we further analyzed 2D gels. Using information described in supplemental Figure IIA , in which the first dimension was separated with a pH range of 3 to 10 and 4% to 20% gradient gels were used for the second dimension, pH 6 to 8 isoelectric focusing with 10.5% to 14% gels were chosen for the amplification of the region with abundant ET-1-responsive CPs. We first identified 26 spots with intensities that were increased by ET-1 treatment for 10 minutes (supplemental Figure VIA) . We then performed a series of experiments to refine the spots to ET-1-inducible CPs that were inhibitable by ET receptor antagonists ebselen and deferoxamine to define ET receptor-and Fenton reaction-dependent protein carbonylation. Supplemental Figure VIB shows that spot 10 is upregulated by ET-1, and this upregulation was attenuated by BQ123, BQ788, ebselen, and deferoxamine. All of the 26 spots were analyzed, and the results show that spots 8, 10, 11, 12, 13, 14, 16, 17, 20, 21 , and 26 satisfied these criteria. The results of these experiments are shown in supplemental Figure VIB and VIC, and the locations of these 11 spots are summarized in supplemental Figure VID .
All of these 11 spots were excised from the gels and underwent mass spectrometric analyses. Mass spectrometric results are shown in supplemental Figure VII . Peptide mass fingerprinting and sequence analyses identified these proteins as heat shock protein ␤-1 (spot 8 and 16), peroxiredoxin 6 (spot 10 and 11), annexin A2 (spot 12 and 13), phosphoglycerate mutase 1 (spot 14), phosphoglycerate dehydrogenase (spot 17), cofilin-1 (spot 20), annexin A1 (spot 21), and DJ-1 protein (spot 26) with high confidence (Ͼ95%) and an average sequence coverage of 40%. We thus identified 8 proteins that are carbonylated in response to ET-1 in a receptor-and Fenton reaction-dependent manner, as summarized in Figure 7A .
To confirm these mass spectrometric results, immunoprecipitation/immunoblot experiments were performed for peroxiredoxin 6 and annexin A1. Cell lysates from untreated and ET-1-treated cells were derivatized with DNPH, immunoprecipitated with DNP antibody, and blotted with either peroxiredoxin 6 ( Figure 7B ) or annexin A1 ( Figure 7C) . Similarly, carbonylation of annexin A2 and cofilin-1 were also confirmed (supplemental Figure VIII) . The results demonstrate that carbonylation of these proteins are promoted by ET-1.
Consequences of Annexin A1 Carbonylation
Annexin A1 has been shown to inhibit proliferation and to promote apoptosis in various cell types. [37] [38] [39] [40] [41] Similarly, in pulmonary artery SMCs, overexpression of annexin A1 reduced cell number and inhibited cell proliferation induced by platelet-derived growth factor and FBS ( Figure 8A ). We found that carbonylation of annexin A1 induced by ET-1 was followed by decreased annexin A1 protein expression ( Figure  8B ), whereas the protein expression of peroxiredoxin 6 was not altered (data not shown). The ET-1-mediated reduction of annexin A1 protein was inhibited by a proteasome inhibitor, MG132 ( Figure 8C ). These results suggest that, whereas many of proteins carbonylated in response to ET-1 signaling undergo decarbonylation, carbonylation of annexin A1 is followed by proteasome-dependent degradation. The degradation of annexin A1 should alleviate the actions of this protein to inhibit cell proliferation and promote apoptosis, and these events may be involved in the mechanism of ET-1-mediated pulmonary artery SMC growth.
Discussion
In summary, here, we describe novel redox signaling events that occur in response to ligand-receptor interactions. In pulmonary artery SMCs, ET-1 promotes protein carbonylation via an ET receptor-dependent mechanism, followed by the reduction of CPs. We demonstrate that receptor-dependent ET-1 signaling for protein carbonylation is mediated by H 2 O 2 -and iron-dependent Fenton reaction. We also show that the subsequent reductive event termed "decarbonylation" appears to involve thioredoxin and thioredoxin reductase. Although the majority of proteins that are carbonylated in response to ET-1 undergo reductiondependent decarbonylation, some CPs are degraded by proteasomes. Annexin A1 was found to be carbonylated by ET-1 in a receptor-and Fenton reaction-dependent manner and becomes degraded by proteasomes. Because annexin A1 functions to promote apoptosis and inhibit cell growth, the carbonylationdriven degradation of this protein may serve as mechanisms for cell growth and survival signaling by ET-1. These results show that ligand-receptor interactions can promote protein carbonylation events, which may play important functional roles.
Protein Carbonylation As a Novel Mechanism in Redox Signaling
The field of ROS had undergone a paradigm shift when the idea had emerged that these species are not merely damage-causing but can also serve as second messengers for signal transduction. 1, 2, 4 Subsequent to the reports by Herzenberg and colleagues showing that antioxidants such as N-acetylcysteine can inhibit nuclear factor B and HIV activation, 42, 43 Baeuerle and colleagues proposed that H 2 O 2 is a widely used second messenger for nuclear factor B activation in T cells. 8 In vascular smooth muscle, early work demonstrated that ROS promoted cell growth, protooncogene expression, 44 and Ca 2ϩ signaling. 10 Subsequently, ROS were reported to mediate signal transduction induced by angiotensin II 6 and platelet-derived growth factor 9 in aortic SMCs. In pulmonary artery SMCs, Fanburg and colleagues found that serotonin activates the production of superoxide 45, 46 and H 2 O 2 , 47 presumably via NAD(P)H oxidase. We have shown that GATA-4 transcription factor plays an important role in pulmonary artery SMC growth and that antioxidants can inhibit serotonin-induced GATA-4 activation. 26 Lawrie et al 48 reported that, in human pulmonary artery SMCs, serotonin activates GATA-4 via ROS produced by monoamine oxidase. ET-1 has also been shown to produce ROS in fetal sheep pulmonary artery SMCs via NAD(P)H oxidase, and antioxidants block ET-1-induced cell proliferation, 27 suggesting that ROS may play a role in ET-1-mediated pulmonary vascular thickening. The targets of ROS produced by ET-1 as well as other mediators of pulmonary hypertension, however, have not been defined. For the mechanisms of ROS signaling, ligand-receptor interactions producing ROS via NAD(P)H oxidase 6, 49 and ROS targeting protein thiols 12, 14 are currently popular proposed mechanisms.
During various oxidative stress conditions, protein oxidation results in the inactivation of protein functions. Carbonylation is one of oxidation processes, which can occur on protein molecules. Protein carbonyls are quite stable products formed on proline, arginine, lysine or threonine residues, often in response to metal-catalyzed Fenton reaction. 31 Protein carbonyl groups react with DNPH, and various techniques have been developed to detect their interactions; these groups also have been used effectively as markers of oxidative stress. To our knowledge, the present study is the first demonstration of the protein carbonyl formation in response to ligand-receptor interactions and, therefore, the first dem- Figure 5 . Effects of thiol reductant on protein carbonylation. BPASMCs were treated with ET-1, and cell lysates were prepared with buffer with or without 2% ␤-mercaptoethanol (␤ME). Lysates were then derivatized with DNPH to monitor CP content. The bar graph represents meansϮSEM (nϭ4) of the percentage of total carbonyl content relative to untreated control without ␤-mercaptoethanol treatment. The symbol * denotes that 2 groups are significantly different from each other.
onstration of such formation in signal transduction processes. Protein carbonylation could offer a specific targeting mechanism for oxidant-mediated signal transduction, because sitedirected Fenton reaction may occur at certain metal-binding sites within protein molecules. 31 Further understanding of the roles of protein carbonylation in signal transduction pathways may yield invaluable information for the identification of targeting mechanisms for ROS signaling.
Discovery of the Decarbonylation Mechanism
It was interesting to note that carbonylation of the majority of the proteins were formed transiently in response to ET-1 in pulmonary artery SMCs. This led us to discover a process in which carbonylation can be eliminated in the cell. We termed this process "decarbonylation." Apparent decarbonylation could be observed if CPs were degraded, because oxidized proteins have been shown to be susceptible to proteolytic degradation. 35 However, our experiments show that decarbonylation occurs even when proteasomes are inhibited, suggesting that the degradation mechanism may not explain our observations. It is plausible that CPs may be aggregated; however, because our cell lysis solution contains detergent, it is expected that these proteins remain in the supernatant after centrifugation. We propose that decarbonylation is dependent on reduction reactions through several lines of evidence. First, CPs are sensitive to and can be eliminated by reactions with reductants such as ␤-mercaptoethanol. Second, a thioredoxin reductase inhibitor can promote protein carbonylation without the occurrence of decarbonylation. Thirdly, when thioredoxin reductase is inhibited, ET-1 promotes protein carbonylation in a sustained fashion without the occurrence of decarbonylation. Also, it is interesting to note that thioredoxin is upregulated in pulmonary artery SMCs in response to ET-1, and its expression is substantially lower in aortic SMCs, where the decarbonylation event is not apparent. These results indicate that thioredoxin, which has been shown to play integral roles in redox signaling, 50 may also 
Clinical Implications
Because ET receptor antagonists are used for the treatment of human pulmonary hypertension, these redox regulatory mechanisms promoted by ET-1 may offer important insights to therapeutic strategies. Our laboratory has previously demonstrated that ET-1 can promote anti-apoptotic signaling in pulmonary vascular SMCs, 52 suggesting that ET-1 may exert multiple actions to contribute to the development of pulmonary hypertension. Because proteins that were found to be carbonylated in response to ET-1 signaling include annexin A1, which has been shown to promote apoptosis and inhibit cell proliferation, [37] [38] [39] [40] [41] protein carbonylation of this protein by ET-1 may increase cell growth. In fact, we found that ET-1-mediated carbonylation of annexin A1 was followed by proteasome-dependent degradation, consistent with the idea that ET-1 alleviates apoptotic and antiproliferative actions of annexin A1 for promoting survival signaling and increasing SMC number. Further studies of carbonylated annexin A1, as well as other identified proteins, should provide important information for determining the mechanism of redox regulation of signal transduction, as well as for identifying effective therapeutic interventions against pulmonary hypertension.
Sources of Funding
This work was supported in part by NIH grants HL067340 and HL072844 (to Y.J.S.).
Disclosures
None. 
